Calcium is an ubiquitous second messenger signal that is critical to many cellular processes. As such considerable efforts have been made to develop sensitive high resolution calcium sensors. However, organic dye calcium sensors have inherent limitations in signal to noise ratio and spatial resolution. We have developed a novel quantum dot (qdot) based calcium sensor with superior optical properties for biological detection of functional calcium signaling. Here, we discuss the in vitro calcium binding properties of our sensor. The sensor was designed as a fluorescence resonance energy transfer (FRET) complex, composed of a dihydrolipoic acid capped quantum (DHLA-qdot) which acts as a fluorescence donor, an organic dye (Alexa Fluor 647) which acts as a fluorescence acceptor, and calmodulin (CaM) which serves as the active calcium sensing element. We confirmed that a significant FRET signal was observed between the donor (610 nm) and acceptor (670 nm) emission wavelengths upon binding with calcium ions with a maximal fractional change in FRET ratio ( R/R) of up to 6.6. Unlike this DHLA-qdot system, almost no FRET was observed when qdots were coated with the relatively large surface ligands polyethylene glycol and polyethyleneimine, suggesting negative effects of the bulky ligands on CaM folding. Calcium-induced FRET in our system was reversed by EDTA treatment, suggesting the unfolding of CaM on the nanoparticle surface in the absence of calcium, enabling a regeneration of the sensor system.
INTRODUCTION
Intracellular calcium (Ca 2+ ) signaling is ubiquitous and critical to cellular functions and survival. As such, studies on the regulation of Ca 2+ dynamics receive significant focus in the life sciences. In order to image and measure these dynamics within cells, numerous calcium indicator dyes have been developed with varying spatial and temporal resolutions. Examples include synthetic dyes with acetoxymethyl (AM) esters (Tsien, 1981) and protein based genetically encoded calcium indicators (GECIs) Heim et al., 2007) . The synthetic dyes are easy to use in living cells and have large dynamic ranges, high sensitivity and fast kinetic responses. However, photobleaching, compartmentalization, incomplete AM ester hydrolysis and potential toxicity of hydrolysis products, leakage into the extracellular medium, a short assay window and the inability to target specific intracellular compartments and organelles represent significant limitations of these indicators (Rudolf et al., 2003; Mank and Griesbeck, 2008) . The GECIs, including the Cameleon (Miyawaki et al., 1997) family of sensors, have a number of advantages over the chemical dyes, in particular due to their capacity to target intracellular organelles. The GECIs contain one or two genetically encoded fluorescence proteins for fluorescence detection and a calcium sensing protein component, such as calmodulin (CaM) or troponin, which undergoes conformational transitions upon binding with free calcium ions. The well known Cameleon system consists of a tandem connection of a fluorescence donor protein, CaM, a CaM-binding peptide fragment (such as the M13 peptide derived from skeletal myosin light chain kinase), and a fluorescence acceptor protein. Upon binding with calcium ions, the donor-acceptor distance decreases due to a folding of CaM around the peptide fragment (Miyawaki et al., 1997; Chin and Means, 2000; Truong et al., 2001; Chou et al., 2001) . This, in turn, increases fluorescence resonance energy transfer (FRET) (Miyawaki et al., 1997; Truong et al., 2001) . The calmodulin based Cameleon was shown to detect free calcium concentrations in the 10 −8 to 10 −2 M range (Miyawaki et al., 1997) . A detailed review on GECIs can be found in a recent publication McCombs and Palmer, 2008) . CaM (148 amino acids) exists as a monomer in solution and contains two structurally homologous N-and C-terminal domains joined by a flexible linker. Each domain binds two calcium ions using two helix-turnhelix motifs (EFhands) (Chou et al., 2001) . The calcium ion binding affinity of CaM (dissociation constant, Kd of 5 × 10 −7 M to 5 × 10 −6 M) falls into the biologically relevant range of intracellular free Ca 2+ of 10 −7 M to 10 −6 M) (Chin and Means, 2000) . Upon binding with calcium ions, CaM's calcium-free apo structure is converted into an extended holo structure with hydrophobic clefts in both domains open for binding to target sequences (Chin and Means, 2000; Chou et al., 2001) . Despite the many advantages of GECIs, they suffer from low expression levels in mammalian transgenic animals and experience rather small changes in fluorescence signals, resulting in a poor signal to noise ratio and low sensitivity. Since these sensors are genebased, alteration of target sites requires obtaining different clones or DNA manipulation by end users. Delivery of GECI DNA to cells requires direct or virus assisted transfection followed by a waiting period of one to three days before fluorescence signals can be detected and experimental success can be determined. To address these limitations, we have constructed a calcium senor composed of a quantum dot fluorescence donor, a mutated Xenopus laevis CaM * -M13 * pair that acts as an efficient calcium sensing motif that does not interfere with native CaM calcium binding (provided as a generous gift from Dr. Roger Tsien, UC San Diego) , and an organic dye that acts as a fluorescence acceptor. We further mutated the CaM * by introducing a cysteine at the 3rd position of the N-terminal to which we attached the organic dye. Our quantum dot based sensor responds to calcium ions and EDTA with very strong and robust FRET changes that produce large signal to noise ratios with fast temporal kinetics. In this paper we describe in detail the physical characterization of CaM * folding and unfolding on quantum dot surfaces.
MATERIALS AND METHODS

Cloning and Purification of CaM Protein
Calmodulin protein with a C-terminal hexahistidine tag was constructed by cloning the CaM * -M13 * part of mt-Cameleon in pcDNA3 into pET-28b vector (EMD, Gibbstown, NJ, USA). Two primers (forward: 5'-agcataccatggcgtgtcaactgacagaagagcagatt-3'; reverse: 5'-ggttcactcgagggagctggagatcttcttcag-3') were used to introduce NcoI and XhoI sites (underlined) at the N-and C-termini, respectively. This process also introduced a single cysteine at the 3rd position (underlined and italicized in the forward primer) and alanine at the 2nd position (H2A/D3C). The histidine 2 to alanine 2 mutation introduced by the NcoI site actually corrected the mutation made during the cloning of the mt-Cameleon into the pcDNA3 vector. The PCR product was digested with restriction enzymes and ligated with pET-28b vector restricted with the same enzymes and treated with Antarctic Phosphatase (NEB, Ipswich, MA, USA) to prevent self-ligation. Positive clones were screened by single colony PCR. For the single colony PCR, a small portion of colonies were directly mixed with 25 l PCR mixture without a boiling step in water followed by amplification reactions. Using this method, wildtype CaM * -M13 * and cysteine mutant CaM * -M13 * D3C colonies were identified. The plasmids containing the inserts were purified from DH5 cells and transformed into BL21 Star (DE3) cells for protein expression. For the protein purification, BL21 Star (DE3) cells were grown at 37 C to OD 600 nm ∼ 0 6 and IPTG was added to give a final concentration of 0.6 mM. After 4 hours of further incubation the cells were collected and purified by PrepEase his-tagged protein purification mini kits (USB, Cleveland, Ohio, USA) by following the protocol provided by the company, except for the lysozyme treatment step which was replaced by sonication. The amount of protein was calculated using an extinction coefficient of 280 nm = 9 970 M −1 cm −1 calculated from its amino acid composition and molecular mass of 20, 652 Da for the CaM * aspartic acid 3 to cysteine 3 mutant protein (CaM * -M13 * D3C). Larger scale purifications were made using PrepEase midi kit using a 300 ml culture and saved −80 C in 20 mM Tris-HCl, pH 8.0 buffer.
Fluorescence Labeling and Spectra Measurements
Fluorescence and absorption spectra were measured using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 25 C. Absorption spectra were measured at 2 nm resolution using a 1 cm path length quartz cuvette. For fluorescence spectra, quartz cuvettes or glass tubes were used depending on the measurements. For quantum dots and sensor complexes, the excitation wavelength was fixed at 400 nm with a photomultiplier voltage set to medium and the emission spectra measured at 2 or 4 nm resolutions at 25 C.
Fluorescence Labeling of CaM
Before the labeling reaction, CaM * -M13 * D3C protein was treated with 10 mM TCEP (tris(2-carboxyethyl)phosphine) in 1× PBS buffer, pH 7.4 to reduce the single cysteine, followed by removal of the reducing reagent using a10 kDa Millipore filter (Billerica, MA, USA) in order to improve the labeling efficiency (Shafer et al., 2000) . For a typical labeling reaction, CaM * -M13 * D3C was mixed with 3-fold molar excess of Alexa Fluor (AF647) maleimide dye (Invitrogen, Carlsbad, Ca, USA) at room temperature for 2 hours in PBS, pH 7.4. After the incubation, unreacted dye was removed by gel filtration using a G-25 column followed by buffer exchange with the 10 kDa filter, first with 20 mM TrisHCl, pH 8.0, containing 10 mM EDTA, followed by the same buffer without EDTA.
Preparation of DHLA and PEI Capped CsSe/ZnS Quantum Dots
Octadecyl amine (ODA) capped hydrophobic CdSe/ZnS quantum dots (ODA-qdot 610, emission wavelength ∼610 nm) were purchased from Ocean Nanotech (Springdale, AR, USA). For the DHLA quantum dot (DHLA-qdot), a quantum dot to DHLA molar ratio of 1:40,000 was used for ligand exchange reactions. The molecular weight (MW) of CdSe cores (qdot 610 without ZnS shell) was estimated to be 283,058 with a diameter of 5.09 nm (Yu et al., 2003) and concentrations of qdots were calculated using an extinction coefficient of 436,996 M −1 cm −1 at the first excitation band.
14 For a typical phase transfer reaction, one milligram of ODA-qdot 610 in CHCl3 was near dried at 70 C followed by the addition of 25 mg DHLA (Sigma, T8260) dissolved in 0.6 ml of pure ethyl alcohol in a screw-capped eppendorf tube. The ligand exchange reaction was carried out at 70 C with occasional mixing during the first two hours and continued overnight with light protection. After the overnight incubation, the reaction mixture was centrifuged at 13,000 rpm using a table top centrifuge for two minutes to remove any unreacted quantum dot particles. The supernatant, which contained qdot-DHLA, unbound DHLA and dissociated ODA, was collected and small grains of potassium tert-butoxide were directly added to the ethanol phase to deprotonate the DHLA for precipitation. Five minutes after the deprotonation, the sample was centrifuged at 13,000 rpm for two minutes and the resulting precipitate washed with 100% ethanol three times to remove free DHLA. After air drying, the DHLA-qdot pellet was resuspended in 20 mM TrisHCl, pH 8.0. Quantum dots prepared by this method showed both physical and optical stability for more than six months. We found that DHLA (a dithiol) produced a much more stable cap than mercaptododecanoic acid (MDA), which has only one mercapto group (unpublished results). Polyethylene glycol (PEG) capped quantum dots (Qdot 605 ITK amino (PEG)) with amide functional groups were purchased from Life Technologies (Carlsbad, USA) and polyethyleneimine (PEI) capped quantum dots (PEIqdot) were prepared by a ligand exchange reaction as described by others (Duan and Nie, 2007) .
RESULTS AND DISCUSSION
Cloning and Screening of CaM Clones for Bacterial Expression
To produce CaM * -M13 * and CaM * -M13 * D3C proteins in bacteria, we sub-cloned the CaM * -M13 * part of mt-Cameleon/pcDNA3 into NcoI and XhoI sites of pET-28b protein overexpression vector (Fig. 1) patterns of the calmodulin protein from the selected clones are shown in Figure 2 . Though the pET-28b vector is a low copy numbered plasmid, positive clones containing the wild-type CaM * -M13 * and CaM * -M13 * D3C mutant sequences were easily identified by PCR analysis (Fig. 2, lanes 1, 5 and 7 ).
Purification and Fluorescence Labeling of Calmodulin
The calmodulin protein was easily purified by a single affinity purification step using NTA-Ni 2+ columns with the purity in excess of 98% (Fig. 3(A) ). Typically, about 7∼8 mg of CaM * -M13 * D3C was obtained from a 300 ml culture. After the purification, CaM * -M13 * D3C was labeled with AF647 maleimide dyes at a cysteine residue introduced at the 3rd position of the N-terminal end of the protein. The fluorescence labeling efficiency of the preparation was estimated to be about 80% by comparing the absorption peaks at 280 nm and 647 nm for free AF647 dye and AF647 labeled protein (Fig. 3(B) ). CaM * -M13 * -AF647 protein labeled at room temperature showed no indication of degradation ( Fig. 3(B) inset) . The fluorescence intensity of the protein bands in the gel was rather weak compared to a fluorescence protein band in standard (st) due to the excitation wavelength (340 nm) of the UV box used for the gel image.
Self-Assembly of Fluorescence Labeled CaM
* -M13 * -AF647 on Quantum Dot Surfaces
Using the hexa-histidine tag at the C-terminal end of the CaM * -M13 * -AF647, the protein was easily assembled onto the surface of quantum dots. The histidine tag mediated binding of proteins to DHLA or PEG capped qdots has been previously reported (Medintz et al., 2003; Delehanty et al., 2006 ; Dennis and Bao, 2008) , and has a relatively tight Kd of ∼1 nM (Sapsford et al., 2007) . Histidine tag mediated binding of the protein minimizes the uncertainties of donor to acceptor distances and dye orientations on quantum dots, which are problematic in chemically crosslinked proteins (Mattoussi et al., 2000) . Figure 4 shows that the FRET efficiency increases with the number of CaM * -M13 * -AF647 positioned near the qdot surface due to enhanced nonradiative energy transfer of excitation energy from the qdot to the acceptor AF647 dye. The experimental FRET efficiency can be determined by following relationship (Lakowicz, 1999) :
where F DA and F D are the fluorescence intensities of quantum dots in the presence and absence of the acceptor AF647 labeled calmodulin, respectively, and n is the number of CaM proteins bound to a quantum dot. The R o is the Förster radius, which designates a separation distance corresponding to 50% FRET efficiency. Binding of CaM * -M13 * -AF647 with DHLA-qdot 610 at different molar ratios (0.99, 2.97, 5.91, 7.90 and 10.9) resulted in a gradual increase in FRET efficiency as judged from the qdot emission peaks (Fig. 4) : 12% (1:0.99), 33% (1:2.97), 45% (1:5.91), 52% (1:7.90) and 61% (1:10.9). Since we used an excitation wavelength (400 nm) where there is almost no absorption from the AF647 dye, the decrease of the fluorescence intensities at quantum dot emission peaks and the increased emission of AF647 fluorescence at 670 nm are due to the binding induced FRET. We also estimated the maximum number of CaM * -M13 * -AF647 bound to a single quantum dot to be 10∼12 molecules per quantum dot particle, with an optimal number of calmodulin proteins for calcium sensing to be 2 to 5 molecules per quantum dot. The exact stoichiometry of binding and the stoichiometric dependency of calcium sensing parameters are currently under investigation (manuscript in preparation).
Calcium Ion Binding-Induced Folding and EDTA-Induced Unfolding of Calmodulin on Quantum Dot Surfaces
We then tested the calcium sensitivity of the quantum dotcalmodulin complex we constructed. In Figure 5 (A), the fluorescence spectra of the qdot sensor at 0, 0.5 and 1 mM calcium ions are shown. Upon binding with 0.5 mM calcium ions, more than 66% of the quantum dot emission was quenched at the donor Fig. 4 . Titration of DHLA-qdot 610 with CaM * -M13 * -AF647. The concentration of the quantum dots was 12.9 nM in 1.5 ml of 20 mM Tris-HCl buffer, pH 8.0. Increasing amounts of 57.2 uM CaM * -M13 * -AF647 were added to have quantum dot to protein molar ratios of 0, 0.99, 2.97, 5.91, 7.90 and 10.9 (top to bottom at 610 nm peaks at 25 C. Excitation wavelength was 400 nm with photomultiplier high voltage set to medium. fluorescence peaks with about 260% increase in the acceptor emission peak (670 nm). Fractional changes in FRET at 0.5 mM calcium ions were estimated by using a following relationship (Reiff et al., 2005; Heim et al., 2007) :
where, R is the acceptor (670 nm) to donor (610 nm) fluorescence intensity ratio. Based on this relationship, the quantum dot sensor gave a R/R value of about 6.6, which is much greater than the values of 0.5∼0.8 for the original Cameleon systems (estimated from figures in Miyawaki et al., 1997) and about 1.7 for troponin C-based calcium sensor (estimated from a supplementary figure in Heim et al., 2007) in vitro. Further addition of calcium to 1 mM caused no change in the AF647 emission peak (670 nm) but resulted in a slight reduction of the quantum dot emission peak (610 nm), probably due to the quenching effects of extra calcium ions on the quantum dot. In the present work we are ignoring any quenching produced by metal or EDTA induced quenching effects on the quantum dots. However, the effects of various metals and ligands on the emission properties of water solubilized CsSe/ZnS quantum dots may not be negligible under certain conditions and may affect the interpretation of experimental data. As such, these effects require further investigation. Since reversible folding and unfolding of the calcium-sensing component (CaM * -M13 * ) is critical for the system to be used as a calcium ion sensor in vitro and in vivo, we have investigated whether the folded calmodulin can revert to its calcium deficient apo structure following EDTA treatment (Fig. 5(B) ).
The addition of increasing amounts of EDTA up to 1 mM resulted in the folded qdot 610-CaM * -M13 * -AF647 complex presenting decreases at both the 610 nm and 670 nm fluorescence peaks, probably due to EDTA induced quenching of the quantum dots. In the presence of 2 mM EDTA, there were noticeable changes in the FRET signals, with a decrease in fluorescence intensity at 670 nm and an increase at 610 nm, implying the reversal of calcium binding-induced calmodulin folding. The reversal of the FRET response strongly suggests that the calmodulin undergoes an unfolding transition upon calcium deprivation resulting in the restoration of its open conformation. The reversibility of calmodulin folding and unfolding on the quantum dot surfaces allows for a wider range of possible applications for this sensor in cell biology.
Effects of Surface Ligands on Ca 2+ Binding
We also investigated the effects of different surface ligands (PEG and PEI) on the binding of CaM * -M13 * -AF647 to quantum dots and on calcium sensing. In Figure 6 the fluorescence spectra for PEG and PEI capped quantum dots upon binding to CaM * -M13 * -AF647 and, subsequently, to calcium ions are shown. Binding of the protein caused a decrease in fluorescence intensity at 610 nm with a concomitant increase at 670 nm due to FRET from the quantum dot to the AF647 dye labeled on the CaM * -M13 * protein.
The data indicate that the histidine tagged calmodulin protein can bind to both neutral (PEG, Fig. 6 ) and positively charged (PEI, Fig. 6 Inset) ligand capped quantum dots, similar to the results of negatively charged DHLA capped quantum dots (Fig. 4) . Binding of histidine tagged proteins (Medintz et al., 2003; Dennis and Bao, 2008) and peptides (Delehanty et al., 2006) to PEG or DHLA capped quantum dots have also been reported by others. After we confirmed the binding of the histidine tagged calmodulin protein to all three quantum dots, we tested the calcium sensing capacity of the PEG and PEI capped quantum dots. In contrast to DHLA-qdots, both PEG (Fig. 6) and PEI (Fig. 6 Inset) quantum dots did not show any significant changes in the presence of calcium ions. The minimal changes in the FRET signals suggest that the calmodulins on the PEG and PEI capped quantum dots are unable to fold upon binding with calcium ions. The longer ligands (PEG and PEI) probably cause an unacceptable degree of steric hindrance to optimal CaM * -M13
* folding necessary to achieve the strong FRET signals we observed with DHLA-capped quantum dots.
CONCLUSIONS
We have constructed a novel FRET-based calcium sensor composed of a quantum dot acting as a fluorescence donor, a mutated calmodulin-M13 pair (CaM * -M13 * ) acting as a calcium sensing module, and a fluorescent dye conjugated to the N-terminal end (3rd position) of the protein acting as a fluorescence acceptor. The use of qdots as FRET donors are numerous, due to their robust optical properties, and include ligand binding studies (Medintz et al., 2003) , aptamertarget protein binding (Levy et al., 2005) , peptide-RNA interactions (Zhang and Johnson, 2006) , and measurements of enzyme activity (Xu et al., 2006; Clapp et al., 2008) . However, to the best of our knowledge, this is the first quantum dot-based calcium sensor. The FRET sensor we constructed produced a maximal fractional change in FRET ( R/R) of about 6.6 upon calcium binding, one of the biggest ratio changes among all known FRET-based quantum dot sensors reported in the literature for any system. Despite the many advantages of genetically encoded calcium indicators (GECls), they still suffer from small changes in fluorescence signal. Considering the R/R values of the original Cameleon and troponin-C based GECIs are in the range of 0.5∼1.7 (Miyawaki et al., 1997; Heim et al., 2007) , the strong FRET response of the quantum dot sensor ( R/R of 6.6, Fig. 5(A) ) gives it significant potential to be developed as an intracellular calcium indicator, which our lab is actively pursuing.
Using a hexa-histidine tag (Fig. 1) we were able to assemble calmodulin proteins onto quantum dot surfaces (Fig. 4) . The spontaneous complex formation in response to the exposure of different (charged) ligand (PEG, PEI and DHLA)-capped quantum dots facilitate the easy preparation of qdot-protein complexes and the determination of their protein binding stoichiometry. After examining the calcium binding sensitivity of the probes, we examined the unfolding characteristics of the calmodulin (CaM * -M13 * ). Treatment with EDTA reverted the closed calcium ion-bound conformation to an open structure (Fig. 5(B) ), as indicated by the increase of the 610 nm/670 nm intensity ratios. Our data suggest that in addition to the quantum dotprotein complex capacity as a sensor, it is also an excellent system with which to study the folding-unfolding properties of proteins for structural analysis. We also found that our quantum dot-calmodulin-based calcium sensor was very sensitive to the nature of the surface ligands. When we used longer surface ligands such as PEG (unpublished MW by Life Technologies) or PEI (MW = 2,000), there was almost no FRET response to calcium ion binding (Fig. 6 ). This is in contrast to the shorter eight-carbon DHLA-capped quantum dots, which showed significant FRET at the same concentration of calcium ions (Fig. 5(A) ). The longer ligands probably prevent the folding of calmodulin by steric hindrance causing minimal FRET signals, which should be considered in the development of protein folding-based quantum dot sensors.
Quantum dot-based sensors are also well known for their excellent optical properties (Michalet et al., 2004; Mazumder et al., 2009 ) including superior photostability, a broad range of excitation wavelengths (ca 350∼550 nm), size-tunable narrow emission bands (full-width at half-maximum of about 25-40 nm), minimal crosstalk, long lifetimes, and adjustable optical crosssections through varying numbers of attached acceptors. These features along with the large quantum dot surface area available for functionalization provide users considerable flexibility in the choice of excitation sources and optical filters, experimental duration, system multiplexing, and intracellular targeting.
